One potential problem affecting below-grade stormwater storage tunnels is the occurrence of geysering, which is defined as the return of conveyed water to grade. Most investigations to date have linked this occurrence with inertial oscillation of the water within vertical shafts. Another mechanism that can lead to geysering is the release of air and water through ventilation towers. This study presents a systematic investigation on geysering caused by the release of large air pockets through partially water-filled ventilation towers. Parameters considered in the study included the water level in the ventilation tower, air phase pressure head and ventilation tower diameter. It was found that the one important parameter in the geysering occurrence was the diameter of the ventilation tower. A simplified numerical model was developed to simulate the experiments it was capable of reproducing the essential features of the experiments.
INTRODUCTION
Large underground storage tunnel systems have been employed in the past decades as a means to mitigate the impact of intense rain events in urban areas, allowing for runoff storage and conveyance while reducing the frequency of combined sewer overflow events. As the application of these tunnels become more common, operational problems related to rapid filling events became apparent. One of these problems is the return of stormwater to grade, which is commonly referred to as geysering although there doesn't seem to be consensus on a precise definition for this term.
There are at least two different mechanisms that could explain the return of stormwater to grade. The first mechanism is based on the development of inertial oscillations of the water mass within the stormwater tunnels. Such pressure surges could cause the water in dropshafts to rise fairly quickly and reach grade, an event that could be considered to be a geyser. This possibility has been considered in the investigations presented by Guo and Song (1990) and .
The other mechanism that has been linked with the occurrence of geysers is the combined release of air and water through vertical shafts. The experimental investigations by Vasconcelos and Wright (2006) on rapid filling events showed several different mechanisms by which large air pockets may be entrapped in rapidly filling tunnels. These experiments also qualitatively identified at least three different mechanisms resulting in geysering through ventilation towers related to air and water release:
• Large air pocket escape through partially water-filled ventilation towers: This mechanism occurred when entrapped air pockets migrate along the tunnel crown where pressurized flow conditions exist.
As the large air pockets arrive at a water-filled ventilation tower, air rises due to its buoyancy and pushes the water within the tower upwards ahead of it, creating the geyser. Figure 1 illustrates this mechanism;
• Release of an air/water mix through empty ventilation towers: The roller that characterizes the pressurized region of a pipe-filling bore can be viewed as a mixture of water and small air bubbles.
As a result, the effective density of this mixture is smaller than the water density. When a pipefilling bore reaches an empty ventilation tower, the air/water mixture rises as a surge depending on the pressure head behind the pipe filling bore and the mixture density. Smaller densities favor the rapid filling of the ventilation tower, and in some cases the spilling level may be reached, generating geysering at that location;
• Small air pocket release: This is caused by the rapid filling of a vertical shaft caused by the passage of a pipe-filling bore. In this case, an air pocket that fills the cross section of the ventilation tower is entrapped between two layers of water. Rapid pressurization of the air pocket can result from the relative motion of the upper and lower water layers compressing the pocket. In such conditions, the air pocket effectively acts like a spring with the consequence that it increases the upward velocity of the upper water layer, strengthening the intensity of the geyser. This spring-like effect of entrapped air pockets has been investigated by Izquierdo et al. (1999) in the investigation of the startup of water mains.
Geysers have been reported in a number of stormwater and combined sewer systems. Limited understanding of the relevant phenomena involved and the lack of adequate field measurements allows for the possibility that the effects of any or all of the conditions discussed above have been called geysers. We are aware that there has been an effort to instrument a stormwater tunnel system in Minneapolis Minnesota that has experienced numerous geyser events. Based on an analysis of data from a single storm event that was provided Wright et al. (2008) conclude that the formation of geysers in that system was related to the interaction of large entrapped air pockets at the monitored manhole. It is suspected that this is a major cause of the large explosive geysers that shoot jets of water and air tens of meters into the air through manholes or ventilation shafts. Thus, in order to minimize geysering impacts, it is important that the design of dropshafts and ventilation points consider the possibility of the combined air and water release.
OBJECTIVES
The main objective of the present work was to investigate the geyser phenomenon caused by the release of large air pockets through ventilation towers. A scale-model apparatus that included the main features of a ventilation tower in a stormwater storage tunnel was constructed. Selected parameters were systematically varied to assess their effect while pressure and free surface and air-water interface displacement data were collected. The experimental data collected were subsequently compared with the predictions of a numerical model designed to simulate the essential features of this vertical two-phase flow. The specific objectives of this investigation were:
• To measure the rising velocity of the air pockets in the ventilation towers and compare the measurements with the predictions of a rigid column, vertical, two-phase flow model;
• To determine the characteristics of ventilation tower geometry that lead to more significant water rise;
• To measure the depressurization of the system during the rising of the air pocket through the ventilation tower;
• To develop a numerical model, capable of replicating the experimental results.
EXPERIMENTAL PROGRAM
The experimental apparatus used in the experiments was installed on a horizontal slope, as represented in Figure 2 . The apparatus consisted of the following components
• Acrylic upstream pipe with length of 0.546 m and D=0.094 m;
• Air pump connected to the upstream pipe;
• Differential manometer connected to the upstream pipe;
• Butterfly valve (D=0.102 m) connecting the upstream pipe and the middle pipe;
• Acrylic middle pipe with length of 2.97 m and D=0.094m. This pipe connected the butterfly valve to the PVC coupling in which the ventilation towers were installed;
• PVC coupling connecting the middle pipe, the ventilation tower and the downstream pipe;
• Ventilation tower, with variable diameter and L=0.610 m;
• Scale attached to the ventilation tower length;
• Acrylic downstream pipe, with length of 0.490 m and D=0.094 m, connected upstream to the PVC coupling and closed downstream;
• Piezo-resistive pressure transducer, manufactured by Endevco, model 8510B-1 (1 PSIg), located 1.07 m downstream from the butterfly valve;
• Data acquisition board, manufactured by National Instruments, model DAQ-Pad MIO-16XE-50;
• Digital camcorder (30 frames per second speed), recording water level variation in the ventilation tower.
The experimental procedure is schematized in Figure 3 and it can be described as follows:
1. With the butterfly valve initially closed, the upstream pipe was emptied, and pressurized air was injected into the pipe with a air pump. The desired pressure was regulated with the aid of a differential manometer (precision of 0.031 m) connected to this pipe; 2. Downstream of the valve, the pipe was entirely filled with water, with care to eliminate any air pockets that were present at the top of the pipe. The water was filled up to a pre-determined level in the ventilation tower, measured with a scale attached to the tower; 3. After the air phase pressure and the ventilation tower water level were at the desired levels, the camcorder and the pressure transducer were started; 4. The butterfly valve was manually opened (less than 1 second), and an air pocket started to advance towards the ventilation tower while water flowed underneath the pocket towards the upstream pipe.
It was observed that the water level at the ventilation tower oscillated immediately after the valve opening due to the non-equilibrium in pressure across the valve, and that the amplitude of this oscillation reduced with time;
5. As the air pocket reached the location of the ventilation tower, a fraction of it moved upwards. The air-water interface that rose in the vertical tower had a shape that resembled a Taylor bubble (Wallis, 1969) . However, unlike regular Taylor bubbles, there was not a trailing air/water interface, and the rising air pocket kept contact with the air that remained in the horizontal pipe.
6. The water level in the tower also rose ahead of the rising air-water interface. The water level at the ventilation tower and the location of the air/water interface were measured from the videos utilizing the scale attached to the ventilation tower. Because of the water film that flowed downward around the perimeter of the air pocket as it moved upwards, the velocity of the free surface in the ventilation tower was generally smaller than the velocity of the rising air pocket; 7. In some cases, water would spill from the top of the ventilation tower, constituting what was defined as a geysering occurrence; 8. The camera and the pressure transducers would be stopped after 60 seconds. The initial and final water levels measured in the middle pipe were used for the subsequent calibration of the pressure transducers. Every experimental run was repeated at least three times to ensure consistency of the experimental results.
Three experimental variables were varied to create different configurations in which large air pockets would be expelled through ventilation towers in storage tunnels. The first variable was the initial air phase pressure in the upstream pipe, chosen to assess whether stronger air pressurization would favor the occurrence of geysering. The second variable was the the initial water level in the ventilation tower, selected to assess whether a higher initial water level water at the tower would favor geysering occurrence. The last experimental variable was the diameter of the ventilation tower, which was selected to assess whether a larger ventilation tower diameter would help prevent geysering. In total, 36 different configurations were tested, as presented in Table 1 .
One variable considered as potentially important was the initial volume of air in the system, which was regulated by placing a predetermined volume of water in the upstream pipe prior to the start of the experimental run. The goal in reducing the amount of air was to check whether smaller air pockets could create different types of shapes of the air-water interface as it moved upwards in the ventilation tower.
However, even when the initial volume of air was decreased to 25% of the volume of the upstream cavity, the shape of the upward moving pocket at the ventilation towers with smaller diameters was unchanged.
Thus, this variable was dropped from the experimental protocol. Also, a shorter ventilation tower length (L =0.305 m) was initially used in the experimental program. However, since geysering occurrence with the short tower was much more frequent, whereas it was desired to study some cases when geysering did not occur, that configuration was eventually disregarded.
EXPERIMENTAL RESULTS
After the completion of the experimental runs, the recorded movies were uploaded from the camcorder into a computer. The water level in the ventilation tower measured with the scale was determined from each video frame. As the air pocket rose in the tower, the location of the top of the rounded air/water interface measured with the scale was also recorded. Finally, the results obtained with the pressure transducers, after calibration, were included in spreadsheets for further analysis. The small discrepancies in the timings between the repetitions, especially noticed in the pressure transducer output, are attributed to the manual operation of the butterfly valve, resulting in slight differences of the opening times. images is approximately 0.14 s, and the sequence covers the advance of the air pocket from 0.05 m to 0.26 m above the horizontal pipe crown. In this figure, the horizontal air pocket motion prior to the arrival at the ventilation tower was from left to right. The initial shape of the rising pocket is asymmetrical due to air entering first from the left side of the tower, and as it advances up the tower, the shape of the air pocket gradually evolves into a symmetrical front that resembles the leading edge of a Taylor bubble.
Pressure measurements
Strong pressure fluctuations were observed in many of the experiments following the opening of the butterfly valve. These fluctuations were caused by the initial pressure difference between the air and water phases prior to the valve opening. The pressure fluctuations were also noticed in the free surface level at the ventilation tower, causing it to oscillate immediately after the valve opening. The amplitude of these fluctuations decreased quickly after the valve opening; however, in a few cases, there were still some residual fluctuations by the time when the air pocket reached the ventilation tower, particularly for the larger diameter towers. This was somewhat undesirable, since the fluctuations affected the reading of the free surface level.
An air pressure head greater than the initial pressure head in the ventilation tower caused the water level to increase above its initial level after the butterfly valve was opened. in the experiments. Basically, these variables determined the starting point for the free surface level as it increases due to the air pocket rise. If this initial water level was closer to the spilling point, geysering was more likely to occur. Also, as in the case of the pressure oscillations following the butterfly valve opening, a larger discrepancy in the initial pressure between the phases caused larger oscillations in the free surface level upon valve opening.
Free surface and air/water interface velocities
The rising velocity of the free-surface was obtained indirectly by measuring the recorded advance of the interfaces at regular intervals, usually around 0.20 seconds. In general, both the free surface level and the air/water interface velocities decreased with increasing tower diameters. For the three larger diameter towers, the averaged values for the free-surface velocity for each tower are presented in Table 2 , and are normalized by √ gD t . Because of the oscillating behavior of the velocity measurements for the three larger tower diameters, the average velocity shown in Table 2 gives only a general idea of the upward air pocket velocity. This observation is not valid however for the velocity measurements for D * t = 0.135 because of the absence of the velocity oscillations. Some observations from the velocity analyses:
• For larger D * t , the free surface level velocity is much smaller than the air/water interface velocity. As D * t decreases the free surface level and the air/water interface velocity increases.
• The discrepancy between the free surface level velocity and the air/water interface velocity tend to increase as D * t decreases. Considering that the ventilation tower length was fixed for all experimental runs, conditions with larger discrepancies are associated to geysering occurrence;
• The velocity measurements for the three larger D * t indicate the oscillation pattern in the velocities;
for the smallest D * t there is a monotonic rise in both interface velocities;
• The measurements of the air/water interface velocity for D * t = 0.135 indicated further acceleration after the spilling of water at the top of the tower. The final non-dimensional velocity of the air/water interface was often three times larger than the averaged V * int shown in Table 2 .
• The air/water interface velocity was larger than the predictions of the vertical slug-flow theory for the problem of emptying a vertical pipe (Wallis, 1969) .
The classical theoretical framework of slug flows cannot be applied to this problem as there is an imbalance between the volume displaced by the air pocket and the film flow, indicated by the non-zero free surface level velocity. Should the initial air volume in the horizontal pipe be much smaller, the upward moving air pocket would eventually have a trailing edge. In this case, drag forces would appear, changing the flow dynamics. It is speculated that a consequence of this additional force would be the decceleration of the pocket, resulting in velocities that would resemble the theoretical predictions of slug flow theory.
The closest theoretical framework for the above problem is based on the application of emptying a vertical pipe addressed by Davies and Taylor (1950) . In that study, the two-phase flow is associated with one upward moving air cavity and the water that flows downwards in the film attached to the walls. When the upward flow is established in the vertical pipe, the volume of the water displaced by the cavity is balanced by the film flow, and the free surface level does not vary with time. That study demonstrates that the rising velocity of the air pocket scales with √ gD t .
However,unlike the pipe emptying problem, the entrapped air pocket in the experiments is generally above atmospheric pressure. The presence of this additional air phase pressure force can alter the balance between the buoyancy, inertia and surface tension forces. Instead of a pipe being emptied at the bottom, the problem can be viewed as a pressurized air pocket that pushes a vertical water slug upwards; a water slug that decreases in volume over time due to the film flow. This latter concept was considered in the derivation of a numerical model that aimed to reproduce the observations of these experiments.
NUMERICAL MODEL APPROACH
A numerical model was developed to simulate the measured results. This model is a relatively simple approach to describe the vertical two-phase flow of the rise of entrapped air pockets in water-filled ventilation towers. The model approach does not include the horizontal motion of the air pocket before it arrives at the ventilation tower (for reference, see Figure 2 ).
The basic idea of the model is to describe the problem as the combination of three different physical mechanisms. The first one is the rise of a water column due to the imbalance between the internal air pressure and the weight of the column. The second is the film flow which decreases the volume of the water column and decreases the volume of air gained by the upward motion of the water column. The third and last mechanism is the air phase compression/expansion process, which is controlled by the upward motion of the water column and the film flow.
The proposed model does not describe flow details such as the velocity distribution in the vicinity of the air/water interface. Key assumptions were introduced in the model development that allowed for a simple framework based on a system of ordinary differential equations, detailed below.
The first assumption is that the problem can be analyzed in a one-dimensional framework. This assumption is probably adequate as long as Y int /D t is large enough. However, the asymmetry of the air pocket in the initial moments of the upward motion (illustrated in Figure 4 ) could pose some limitations to this assumption, at least for the initial period of the numerical simulation.
The second assumption is that the problem can be viewed as the upward motion of a water column driven by the air phase pressure, with the requirement that the water column volume decreases due to the film flow. It is further assumed that the initial air/water interface velocity equals the rising velocity of a Taylor bubble, thus V intt=0 = U ∞ = 0.345 √ gD t , where g is the gravitational acceleration. This requirement of instant initial air pocket velocity is corroborated by recent experiments performed by Baumbach (2005) .
The authors point out that air pockets rising in static water experience an acceleration as large as two times the gravity acceleration in the initial stages of the motion when time t < √ D t /g. For larger times, the rising velocity approached the predicted theoretical values. For the case of the presented experiments, this initial stage based on their criterion ranges between 0.035 and 0.076 seconds, which is much smaller than the overall rising time of the air pocket.
The third assumption is that the decrease of the water column height caused by the film flow is independent of the upward motion caused by the entrapped air pocket pressure. Two simplifications derive from this assumption. The first simplification is that flood instabilities Guedes de Carvalho et al. (2000) are not considered in the calculations. While this is true for the scale in which the experiments were conducted, one
anticipates that it would be an important flow feature for real-scale applications. The second simplification is that the film flow was calculated as in the case of a vertical pipe emptying problem. At the first time step, before the air phase pressure induces the motion of the water column, the net volume flow in the ventilation tower is zero, such as in the case of the emptying of a vertical pipe. Thus, the laminar film flow Q f around a vertically rising air pocket is matched by the water displaced by the pocket Q displaced :
in which: δ is the film flow thickness, ρ w , ρ a are water and air densities and µ w is the dynamic viscosity of water. Equation 2 is similar to the equation proposed by Batchelor (1967) • Air/water interface velocity:
• Air/water interface location:
• Air volume variation:
• Air phase pressure head:
• Free surface level coordinate and velocity
In the above equations, A is the ventilation tower cross-sectional area, V a is the volume of the air phase, H a is the air phase pressure head, H atm is the atmospheric pressure head (10.33 m at sea level), and the polytropic coefficient γ is assumed to be 1.4. C a is a constant equal to P a0 /ρ γ a , with P a0 the initial absolute pressure in the upstream pipe before the butterfly valve opening. The approach to calculate the air phase pressure follows Li and McCorquodale (1999) . The friction factor was calculated explicitly following an expression presented by Arai and Yamamoto (2003) , and the material relative roughness (ϵ/D t ) was assumed as 0.0015.
The proposed numerical model solves equations 3 to 7 at each time step using a Runge-Kutta 4 th order method, as described by Press et al. (1989) . The time step size used in the computations was 10 −5 seconds. 
ASSESSMENT OF NUMERICAL MODEL
The accuracy of the proposed numerical model for the geysering generated by the release of large air pockets is assessed by comparing the model results with the experimental data collected in the experiments.
The comparison was performed for each of the ventilation towers used in the experiments and for the cases when the initial H air = 0.305 m and initial Y int = 0.5. This choice of initial pressure heads results in reduced pressure oscillations compared to those observed when the pressure difference between the phases was higher. considering that there is no experimental confirmation of those (except for the tested cases) nor the scale in which those numerical runs were performed account for all interactions between air and water phases in a prototype scale.
DISCUSSION
The results indicate that geysers were less likely to occur for larger diameter ventilation towers. This is probably related to the fact that a larger diameter tower has a longer perimeter that increases the film flow generated as the air pocket moves upwards. One needs to consider, however, that other geometry characteristics of the ventilation tower, such as the length, have an important effect in determining whether geysering will occur as air pockets are released.
The other parameters considered in the investigation, initial air phase pressure and initial water level in the ventilation tower, had secondary importance to the occurrence of geysering generated by the large air pocket release. The initial air phase pressure head and the initial water level in the ventilation tower basically determined the initial free surface level in the ventilation tower as the air pocket reached the base of the ventilation tower. As expected, higher water levels were more likely to result in geysering as the air pocket moved upwards.
The predictions of the trajectory of the free surface level and the air-water interface level variation agreed reasonably well with the experimental measurements. On the other hand, the predictions for the other modeled variables were not so accurate, even though important flow features were captured. The oscillations observed in the measurements for the largest ventilation tower were reproduced, although the amplitude and frequency were not correct. The predictions for the smallest ventilation tower also agreed with the experiments and predicted no oscillations, but a monotonic increase in the air/water interface level and velocities and decrease in the pressure. The numerical model indicated that the upward motion of the water column can be accelerated by the geyser occurrence, since the spilled water causes a further decrease to the column weight.
One consideration is how the results obtained with these experiments and the numerical model could be scaled to full scale ventilation towers with presumably turbulent film flows. Not only would the film thickness vary with time and space, but also there is the possibility of shear flow instabilities between the air pocket and the film. There are likely to be other effects that do not scale properly between the laboratory experiments and field events at a much larger scale, so the current investigation should be considered as a first attempt at understanding the phenomena involved
CONCLUSIONS
The experiments achieved the general objective to reproduce and characterize geysering events generated by the release of large air pockets through water-filled ventilation towers. The experimental variables considered in the investigations were the initial water level in the ventilation tower, the initial air phase pressure and the diameter of the ventilation tower. In all, 36 different configurations of these variables were tested.
This work represents an initial step on a relevant topic as there is essentially no guidance on how to avoid geysers created by large pockets of entrapped air. To date, most investigations focused on inertial oscillations as the mechanism for geysering, while few experimental studies explored geysering caused by the release of air pockets. This probably explains why there appears to be no widespread understanding of the importance of the air release during the tunnel filling process.
This work provides results that shows that ventilation tower diameter is a critical variable, and while there needs to be further investigations, this is an important finding. The other geometry characteristics, such as the tower length, also have an important effect in determining whether geysering will occur. More investigations, conducted preferably in larger scale apparatus, are required to determine how other factors, such as shear flow instabilities, affect the air release through such towers.
A numerical model was constructed to simulate the experimental results. The approach used was to model the rise of the water column in the ventilation tower using a lumped inertia approach. The upward motion of the water column was caused by the air phase pressure and countered by the weight of the water column and friction. The water column length decreased over time due to the film flow, which was assumed to be independent of the air pressure-driven motion of the water column. Even though simplifying assumptions were introduced in the model development, the predictions of the free surface level and the air-water interface level variation over time agreed reasonably well with the experimental measurements. On the other hand, the predictions for the other modeled variables were not so accurate, even though some important flow features were captured. The numerical model indicated that the upward motion of the water column can be accelerated by the geyser occurrence, since the spilled water causes a further decrease to the column weight.
Even though the experimental investigation and the numerical model presented in this study are regarded as a significant step for the comprehension of geysering occurrences in drainage systems, there are several other important issues that still need to be addressed in further investigations. One of these issues is the numerical description of the motion of entrapped air pockets in the sewers, which could help determine at which points these pockets will be ventilated. A second issue is to perform experiments on geysering caused by the release of large air pockets at larger scales so as to assess the effect of turbulent film flows and the possible shear flow instabilities between the film and the air flow.
APPENDIX I. NOTATION
The following symbols are used in this paper. 
